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doi:10.1016/j.ejvs.2010.12.010Abstract Objectives: The role of the intraluminal thrombus (ILT) in abdominal aortic aneu-
rysm (AAA) rupture is controversial, and it is still not clear if an ILT increases or decreases
AAA rupture risk. Specifically, signs of bleeding in the ILT are considered to increase AAA
rupture risk. To further explore this hypothesis, intact AAAs (nZ 4) with clear signs of fissures
in the ILT, identified by computed tomography angiography (CTA) were investigated.
Methods: Two different cases of ILT fissuring were investigated, where (1) ILT fissures were ex-
tracted directly from the CTA data and (2) a hypothetical fissure was introduced in the other-
wise-intact ILT tissue. Wall stress distributions were predicted based on detailed Finite
Element (FE) models.
Results: ILT fissures extracted from CTA data locally increase the mechanical stress in the
underlying wall by up to 30%. The largest impact on wall stress was observed if the ILT crack
reaches the aneurysm wall, or if it involves large parts of the ILT. By contrast, a concentric
failure in the medial ILT, which does not reach the aneurysm wall, has almost no impact on wall
stress distribution. Hypothetical ILT fissures that connect the lumen with the wall cause
a twofold increase of the stress in the underlying wall.
Conclusions: ILT fissures increase the stress in the underlying wall, whereas regions other than
that remain unaffected. If ILT fissures reach the wall or involve large parts of the ILT, the re-
sulting increase in wall stress could possibly cause AAA rupture.
ª 2011 Published by Elsevier Ltd on behalf of European Society for Vascular Surgery.77 236 456.
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A diameter exceeding 5.5 cm is the most commonly accepted
criterion for elective surgical repair of abdominal aortic
aneurysm (AAA).1,2 There is, however, a need for other
predictors for rupture, asaneurysmswithadiameter less than
5.5 cm can rupture3,4 and some large aneurysms do not. An
aneurysm ruptures if the mechanical stress exceeds the local
wall strength; consequently, peak wall stress (PWS)5,6 and
peak wall rupture risk (PWRR)7 have been found to be more
reliable parameters than diameter to assess AAA rupture risk.
Mechanical stress in the aneurysm wall is non-homoge-
neous and PWS denotes the highest stress in the entire AAA
wall. The biomechanical rupture risk approach relates stress
and strength locally, which defines the stress/strength ratio
shown as PWRR. PWRR is not homogeneously distributed in
the AAA wall. In vitro measurements have shown that the
tensile strength of the AAA wall depends on several factors:
ILT, wall thickness, gender and luminal diameter,8 which, to
some extent, is reflected by PWRR, but not by the PWS.
An intraluminal thrombus (ILT) is found in most AAAs of
clinically relevant size.9 It has been suggested10 that
hypoxia in the AAA wall covered by a thick ILT is associated
with neo-vascularisation and degradation of extracellular
matrix.10 An AAA wall segment covered by a thick ILT is also
thinner and has an increased number of inflammatory cells
and smooth muscle cell apoptosis.11 Apart from these
consequences, the ILT itself influences mechanical stress of
the underlying vessel wall stress.12e15 The ILT can be
regarded as an elastic body16 that redistributes stress and
buffers the thin wall from mechanical stress.
Even though ILT has characteristic solid mechanical
properties (stiffness and strength),16 studies have concluded
that the ILT may not reduce wall stress, based on findings of
only minor or no pressure reduction under the ILT.17,18
Finally, signs of ruptures in the ILT allowing blood to reach
the weakened underlying wall are more pronounced in
ruptured than in intact AAAs.19
The Finite Element (FE) method divides any geometry
into a large number of small FEs All FEs together give the FE
mesh, which is used to compute stresses and strains in the
whole AAA. In this study, we investigate the hypothesis that
ILT failure increases wall stress using FE analysis of non-
ruptured AAAs with intact and fissured (ruptured) ILTs.
Methods
Data acquisition
Patient with non-ruptured AAAs (two men and two women;
details are given in Table 1) with signs of ILT fissures largerTable 1 Clinical details about studied cases.
Gender Age Pressure [mmHg]
AAA no.1 Male 81 160/90
AAA no.2 Female 71 190/130
AAA no.3 Male 90 160/90
AAA no.4 Female 71 130/80than 1 cm in computed tomography angiography (CTA)
scans were included. GE LightSpeed16, GE MEDICAL
SYSTEMS, which provides in-plane and out-of-plane reso-
lutions of 1.0 mm and 0.6:2.0 mm, respectively, was used
for CTA. Data were collected prior to elective AAA repair at
Karolinska University Hospital, Stockholm, Sweden.
Collection and use of data from human subjects was
approved by the local ethics committee.
Failure of the ILT was defined by the presence of areas
with high attenuation, which were often crescent shaped.
Cases with unclear exterior aneurysm surface, often
because of poor quality of the CTA scans, were prefiltered
to avoid operator-dependent segmentation of the CT data.
We used a pool of 63 non-ruptured AAAs, from which four
cases met the inclusion criteria of the present study.
Geometry reconstruction
Deformable (active) contour models provided by
A4research vers. 2.0 (VASCOPS GmbH, Austria) were used to
reconstruct the three-dimensional (3D) geometry of AAAs
based on standard CT data. A4research is a commercial
software for geometrical and biomechanical analysis (FE
simulations) of AAA. Specifically, the user defines an infla-
tion pressure that expands a virtual balloon inside the 3D
image set, until the boundaries of the aneurysm are
detected.20 This provides smooth surfaces and excludes
artefacts such as sharp edges and corners, which otherwise
might cause stress artefacts of the FE simulation. The wall
thickness was assigned values related to the thickness of
the ILT. At sites with a thin ILT (less than 1 mm) and a thick
ILT (larger than 25 mm), wall thicknesses of 1.5 and
1.0 mm, respectively, were used.11
FE model
A non-linear hyperelastic isotropic (uniform in all direc-
tions) constitutive model with the strain energy
jZ a1(I1  3) þ a2(I1  3)2, as proposed earlier for rubber-
like materials,21 which is frequently used for aneurysm
wall. I1 denotes a parameter measuring the strain (defor-
mation) of the tissue. The material parameters,
a1 Z 174 kPa and a2Z 1888 kPa were both identified from
in vitro testing of aneurysm tissue and reflect mean pop-
ulation data.22 The stressestrain relation of the (non-
linear) elastic properties of the tissue can be derived from
the strain energy j (mechanical energy stored in the tissue
during deformation), and this constitutive model has been
implemented in ANSYS vers.12.0.1 (ANSYS Inc., PA, USA).
The same constitutive formulation was used in A4research,
where it is already integrated. ANSYS is a commercial
software for FE simulation.Max. diameter [mm] Max. ILT thickness [mm]
93 43
48 24
68 25
52 23
Figure 1 Reconstructed AAAs from CTA images. The fissured ILT is indicated by red arrows. Sites, at which the highest stress
increase was observed when considering ILT failure in the FE model, are marked by green arrows.
Impact of Thrombus Failure on Wall Stress in Aortic Aneurysms 469In contrast to the aneurysm wall, the ILT exhibits an
almost linear16 constitutive response; hence, a linear elastic
constitutive model was used. Likewise, the elastic modulus
of the ILT decreased from the luminal to the abluminal layer
to match experimental (mean population) data, as reported
earlier.16 The referential Young’s moduli of 63.0 and
42.0 kPa were used to describe the luminal and abluminal
layers of the ILT. The reconstructed geometry was consid-
ered as a load-free geometry and a constant mean arterial
pressure (MAP) was applied at the luminal surface, to
mechanically load the aneurysm wall. MAP was defined as
1
3 systolic pressureþ 23 diastolic pressure, where pres-
sures refer to the blood pressure recorded upon admission
to hospital.
To investigate the impact of tissue failure in the ILT,
analyses of ILT fissures were performed in two ways. In the
first case, fissured ILT tissue was modelled as a soft fluid-like
material, and, hence, predominantly carried pressure load
but almost no tension stress. Fissured ILT sites were iden-
tified by high attenuation (Fig. 1), and described with 5% of
the stiffness of intact ILT tissue. For numerical reasons, the
present approach requires a non-vanishing elastic stiffness
(i.e., 5% of the intact ILT tissue). This modelling approxi-
mation, however, is thought to impact the FE predictions of
wall stress only marginally. The analysis is subsequentlyFigure 2 Wall (von Mises) stress distribution for AAA No.3. with t
directly identified from CTA images (direct fissure analysis).denoted as ‘direct fissure analysis’, and has been performed
entirely with A4research (Fig. 2).
To investigate a worst-case scenario of the fissured ILT,
a second type of analysis was performed, where a 2.0-mm-
thick hypothetical crack that reached the wall (i.e.,
connects the lumen with the wall), was included at the side
of the thickest ILT layer (Fig. 3). The fissure covered
a sector of about 30 with a widening of nearly 1 cm at the
abluminal site. Consequently, a piece similar to a 2-mm-
thick slice of a pie was removed from the ILT. This analysis
is subsequently denoted as ‘idealised fissure analysis’ and
was carried out in ANSYS.
The aneurysm was fixed at the renal arteries and the
aortic bifurcation. For the direct fissure analysis, a hex-
ahedral-dominated FE mesh was used. These elements
provide good accuracy and efficiency in the computational
time and are suitable for soft tissues, whereas the complex
geometry of idealised fissure analysis was meshed with
(quadratic) tetrahedral FEs within ANSYS. These elements
are necessary due to the complexity of geometry, when the
ILT fissure is included. A mesh convergence study was used
to ensure that the numerical error in PWS did not exceed
5%. To this end, the mesh was refined in axial, circumfer-
ential and radial directions to accurately capture stress
gradients along these directions.23he intact (left) and fissured (right) ILT model. ILT fissure were
Figure 3 Wall stress distribution for AAA No.1 (top row) and No.2 (bottom row) with an intact (left column) and fissured (right
column) ILT model. A hypothetical fissure (crack) all along to the aneurysm wall was included to account the ILT fissuring
(hypothetical fissure analysis). Arrows indicate von Mises stress in the aneurysm wall in the vicinity of the crack tip.
470 S. Polzer et al.All FE computations considered large deformations, and
the stress concentration factor was calculated, that is, the
relative increase of the von Mises stress due to the insertion
of the real (direct fissure analysis) or hypothetical (ideal-
ised fissure analysis) crack.
Results
Direct fissure analysis
Table 2 summarises the impact of ILT fissuring on the wall
stress. Specifically, the increase in wall stress behind(adjacent to) the fissured ILT (i.e., at the site where the
fissuring in the ILT gets closest to the wall) and the
increase in PWS are reported. Note that PWS can be
located anywhere in the aneurysm wall, and is, in general,
not adjacent to the fissuring in the ILT.
A fissure in the ILT weakens its structural integrity and
shifts stress from the ILT to the underlying wall. Conse-
quently, a fissured ILT increases the wall stress as compared
with an intact ILT. It is noted that PWS did not increase
significantly (concentration coefficient: 1.06 (SD 0.05));
however, there is a noticeable increase in wall stress behind
a fissured ILT (concentration coefficient: 1.20 (SD 0.11)).
Table 2 Wall (von Mises) stress predictions based on the FE Models using an intact and fissured ILT. Increases in stress behind
the ruptured ILT and PWS were analysed; the relative stress increase is given by the concentration coefficient. ILT fissures were
directly identified from the CTA images (direct rupture analysis).
Stress prediction in the wall behind a fissured ILT PWS prediction
Model with
intact ILT [kPa]
Model considering
ILT rupture [kPa]
Concentration
coefficient [e]
Model with
intact ILT [kPa]
Model considering
ILT rupture [kPa]
Concentration
coefficient [e]
AAA No.1 78 100 1.28 429 445 1.04
AAA No.2 64 70 1.09 197 220 1.12
AAA No.3 102 115 1.13 215 230 1.07
AAA No.4 55 72 1.31 188 189 1.01
Impact of Thrombus Failure on Wall Stress in Aortic Aneurysms 471The largest increase in wall stress behind an ILT fissure
was observed in AAAs No. 1 and No. 4, showing stress
concentration coefficients of 1.28 and 1.31, respectively.
AAA No.1 contains a fissure, which affects a large volume of
the luminal part of ILT, and AAA No.4 showsmultiple fissures
in the ILT, with the largest one running from the middle ILT
all along to the aneurysm wall (see Fig. 1). AAAs No. 2 and
No. 3 show almost concentric fissures in the middle ILT,
which reaches neither the lumen nor the aneurysm wall.
Idealised fissure analysis
Table 3 summarises the impact of the ILT fissure on the wall
stress in the analyses based on the insertion of an idealised
crack in the ILT. Note that due to the numerical error of the
FE method, PWS predictions of the intact AAAs may differ
by up to 10%, as it is seen by comparing the 4th column in
Tables 2 and 3. However, the large differences in stress in
the first column in Tables 2 and 3 are a consequence of the
fact that the loci in the wall do not match.
PWS was almost unaffected (concentration coefficient:
1.02 (SD 0.01)) when inserting a crack (fissuring); however,
there is a large increase in wall stress behind a fissured ILT
(concentration coefficient: 1.70 (SD 0.30)). Even a few
centimetres away from the crack an increase of wall stress
is clearly recorded; see Fig. 3. The largest increase in wall
stress behind the ILT fissure was observed in AAAs No. 2 and
No. 3, showing stress concentration coefficients of 1.80 and
2.07, respectively. Fig. 3 shows the predicted wall stresses
in AAAs No. 1 and No. 2 based on the intact (left) and
fissured (right) ILT models.Table 3 Wall stresses predictions based on FE Models using an in
ruptured ILT and PWS were analysed; relative stress increase is
(fissure) was inserted in the ILT (idealised ruptured analysis).
Stress prediction in the wall behind a fissured ILT
Model with
intact ILT
[kPa]
Model considering
idealised ILT
rupture [kPa]
Concentrat
coefficient
AAA No.1 92 128 1.39
AAA No.2 91 164 1.80
AAA No.3 45 93 2.07
AAA No.4 112 172 1.54Discussion
In this study, FE models were used to examine to what
extent ILT fissuring increases the wall stress, and, conse-
quently, increases the AAA rupture risk. To this end, ILT
fissures have been directly identified from the CTA data
(direct fissure analysis), and idealised fissures (cracks) have
been inserted into the ILT (idealised fissure analysis).
The direct fissure analysis revealed that a fragmented ILT
can increase the stress in the underlying wall by up to 30%. In
addition, the idealised fissure analysis demonstrated that
ahypothetical crack connecting the lumenwith thewall could
double the stress in the underlying wall. Consequently, these
results emphasise that fissuring the ILT increases the local
wall stress and, in turn, the risk of aneurysm rupture. This
conclusion particularly holds for ILT failure that either rea-
ches the aneurysmwall or constitutes a substantial volume of
the ILT. By contrast, only a low increase in wall stress occurs
for concentric fissures confined only to the medial ILT layer.
Concentric fissures, which might be promoted by the onion-
like structure of the ILT and do not reach the wall, cannot
cause a stress concentration in the wall underneath, and
hence, do not increase wall stress significantly.
The high compliance of the ILT tissue reduces the stress
concentration at the crack tip, which could explain that not
all cracks propagate all along to the wall. Likewise, the
layered (onion-like) structure of the ILT might also prevent
cracks from radial propagation.
The present study used non-ruptured aneurysms, which
showed signs of ILT fissuring larger than 1 cm in the CTA
images, which places a restrictive inclusion criterion andtact and fissured ILT. Increases in (von Mises) stress behind the
given by the concentration coefficient. An idealised crack
PWS prediction
ion
[e]
Model with
intact
ILT [kPa]
Model considering
idealised ILT
rupture [kPa]
Concentration
coefficient [e]
454 464 1.02
210 215 1.02
207 214 1.03
173 175 1.01
472 S. Polzer et al.enforced us to investigate a relatively small patient
cohort. Visible ILT fissuring (without any size constraints)
in CTA images has been reported in 14%19 of intact AAAs,
and calculations based on data from other studies showed
a prevalence of 6%24 and 12%.25 It is noted that a fissure in
the ILT must be filled with contrast agent to become
visible in CTA images, and the low prevalence of detected
ILT fissures does not imply that ILT fissuring is a relatively
rare event. Alternatively, ruptured aneurysms, known to
have a higher prevalence for ILT fissuring (rupture) signs,
could have been used for the present study.19 However,
rupture alters aneurysm geometry, which makes the
identification of the geometry before rupture, that is, as
it is required as input for the FE model, difficult.
Naturally, FE models introduce numerous modelling
assumptions and can only reflect the biomechanics of the
real aneurysm to some degree of completeness. In the
present study, the constitution of aneurysm tissue (wall and
ILT) represented mean population data; and patient-
specific elastic properties would have increased the accu-
racy of the stress prediction. However, studies indicated
that stress predictions in aneurysms are relatively insensi-
tive to variable constitutive properties of the wall26 and the
ILT,27 and, consequently, the geometry seems to be the
most critical property of AAA FE models. ILT tissue was
modelled as a homogenous single-phase material, although
a poroelastic model motivated by the ILT’s porous micro-
structure of interconnected cavities,28,29 particularly under
dynamic mechanical loading conditions, could be more
realistic. However, to our knowledge, the stress field in the
aneurysmal wall changes negligibly when a poroelastic
model for ILT is used.30 Likewise, calcifications and residual
stresses in the load-free configuration were neglected, and
considering that may have caused local differences in the
wall stress. The AAA geometry, as it was reconstructed from
the CTA data, was considered as the unloaded configura-
tion, a simplification, which is expected to increase wall
stress globally. Wall stress is indirectly proportional to the
wall thickness, and although the present study could not
consider a patient-specific wall thickness, at least the
reported thinning behind a thicker ILT was implemented.
Although our FE models relied on several assumptions, it
clearly emphasised that the results of the present study
were based on comparisons amongst FE models, and hence,
it is very unlikely that a more sophisticated modelling
assumption would have led to different conclusions.
In conclusion, the present work demonstrates that not
all cracks in the ILT are dangerous, but those reaching the
aneurysm wall or constituting large volume portions of the
ILT clearly increase AAA rupture risk. This is in line with
earlier studies suggesting that ILT failure increases the risk
of AAA rupture.19 The study showed that inhomogeneities
such as fissures in the ILT can have a pronounced impact on
the stress in the aneurysm wall, and, consequently, the
influence of ILT’s inhomogeneous composition on the wall
stress could be of interest for further investigations.Acknowledgements
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